Abstract: During early stand development, coniferous forests of the coastal Pacific Northwest commonly pass through a period of dense shade and intense competition during which the abundance and diversity of understory plants decline dramatically. In young, managed forests, silvicultural thinning has been proposed to enhance the structural and floristic diversity of the understory. Although germination of buried seeds is likely to be stimulated by thinning, we know little about the composition of the soil seed bank in these forests. We used the greenhouse emergence method to assess the potential contribution of the seed bank to understory reinitiation in 40-to 60-year-old, closed-canopy forests on the Olympic Peninsula, Washington. Seed banks were well developed (610-7009 germinants/m 2 ), containing 46 native and exotic species representing a diversity of life forms. However, many common forest understory species were absent; only 11 species were typical understory plants and these comprised <10% of all germinants. In contrast, 30% of all species and 50% of all germinants were exotic, ruderal forbs. Wind-dispersed annuals and perennials dominated litter samples, whereas ruderal forbs and graminoids with limited dispersal dominated soil samples. Our results suggest that silvicultural thinning will enhance the establishment of ruderal, exotic species but will contribute little to the regeneration from buried seed of the vast majority of forest understory plants.
Introduction
Early in stand development, coniferous forests of the coastal Pacific Northwest commonly pass through a period of dense shade and intense tree competition during which the abundance and diversity of understory plants are greatly reduced (Alaback 1982; Oliver and Larson 1990) . Subsequently, as stem densities decline because of natural mortality and tree canopies increase in height and openness, understory communities are reinitiated. The closed-canopy, or stem-exclusion, stage of stand development (sensu Oliver and Larson 1990 ) represents a critical juncture in the successional development of the forest understory. Canopy closure may result in the local extinction of some forest species and thus shape longer term patterns of understory composition and diversity. Despite the significance of this period for understory development, little research has been devoted to the mechanisms by which plant species persist through canopy closure or reestablish once growing conditions improve.
In this study we examined the potential contribution of the soil seed bank to the reinitiation of forest understories in low-elevation forests of the Olympic Peninsula, Washington. Here, the effects of canopy closure can be particularly dramatic because in this very wet and productive climate, tree densities and light attenuation are often extreme in young, regenerating stands. Using the greenhouse emergence method, we assessed the floristic composition, abundance, and diversity of viable seeds in the soil and litter of 40-to 60-year-old, closed-canopy forests. We posed the following four questions: First, which species are present in the seed bank and how do they vary in frequency of occurrence and relative abundance? Second, what are the relative contributions to the seed bank of species representing contrasting habitat preferences, biogeographic origins, and life forms? Specifically, how do species density and diversity compare among (i) forest understory versus ruderal, open site species, (ii) native versus exotic species, and (iii) major plant life forms (e.g., grasses, sedges and rushes, forbs, shrubs, trees)? Third, do the density, diversity, and composition of germinants from the litter layer (the more recent and transient pool of seeds) differ from those of the mineral soil (the older and more persistent pool)? Fourth, how does seed bank composition vary within and among spatially distinct blocks of forest of comparable age, plant association, and management history?
The few investigations of soil seed banks in forests of the Pacific Northwest have been largely restricted to older stands or recently clearcut sites (Kellman 1970 (Kellman , 1974 Ingersoll and Wilson 1989; Clark 1991; Harmon and Franklin 1995) . These studies indicate that to a large degree, species of the forest understory are greatly under-represented in the belowground community of viable seeds (as suggested for coniferous forests in general by Archibold 1989) . However, with few comparable studies in young, closed-canopy forests of the Pacific Northwest (but see McGee and Feller 1993) , we had little basis for evaluating the potential contribution of the seed bank to understory reinitiation. Furthermore, we are aware of no published studies of soil seed banks in any forest type within the Olympic Peninsula region.
The potential for the seed bank to contribute to understory reinitiation has particular relevance for vast areas of lowland forest in the Pacific Northwest. More than half a century of clearcut logging and intensive forestry have produced a landscape dominated by relatively young, even-aged, closedcanopy forests. Concern over large-scale loss of biological diversity from these systems has spurred recent interest in silvicultural approaches to enhance the structural complexity and biological diversity of the understory Tappeiner et al. 1997) . However, attempts to stimulate or accelerate understory development through silvicultural manipulation (e.g., thinning) requires an understanding of the sources and potential responses of plant propagules to such manipulations. Germination of buried viable seeds is likely to be stimulated by the abrupt increases in light produced by thinning. To what degree this promotes desirable spe-cies (e.g., shade-tolerant, native forest herbs or shrubs) or encourages the germination of ruderal or exotic species depends, in part, on the composition of the seed bank.
Methods

Study sites
Soil and litter samples for this study were collected from three permanent plots at each of three locations (blocks). These plots comprise a subset of the experimental units of the Olympic Habitat Development Study (C. A. Harrington and A. B. Carey, unpublished study plan), a more comprehensive study of variableintensity thinning and manipulation of coarse woody debris. The southernmost block, Bait, is on the western margin of the Olympic Range near the Queets River (190-230 m elevation; T24N R10½W S14); two of the three plots lie adjacent to each other and the third lies 1 km to the northeast. The two remaining blocks, Fresca and Clavicle, are on the northern margin of the Olympic Range in the Soleduck River drainage. Fresca lies on the Soleduck floodplain (150 m elevation; T29N R12W S5); all three plots abut one another. Clavicle lies 5 km to the east of Fresca (430-520 m; T29N R12W S2 and 11); its three plots are separated by ca. 1 km. All of the study plots lie within the Picea sitchensis and Tsuga heterophylla forest zones (Franklin and Dyrness 1973) . Slopes are gentle and soils are silty loams (Bait and Clavicle) or gravelly, sandy loams (Fresca) ( Table 1 ). The climate is maritime with uniformly cool, wet growing conditions. Mean July and January temperatures are 15-17 and 4°C, respectively (Henderson et al. 1989) . Precipitation is very high (annual totals of 300 cm or more) and is concentrated between October and April (Henderson et al. 1989) .
Each plot supported young, coniferous forest that originated after clear-cut logging ca. 40-60 years prior to sampling. All were planted and precommercially thinned, although dates of these activities varied within and among blocks (Table 1) . At the time of sampling, all were dense, closed-canopy forests dominated by Pseudotsuga menziesii and Tsuga heterophylla (Bait) or Tsuga heterophylla and Picea sitchensis (Fresca and Clavicle) ( Table 1) . Total understory, vascular plant cover was low (range of 17-21% among blocks; Table 2 ). The most abundant species were the herbs Oxalis oregana, Maianthemum dilatatum, and Disporum smithii, the ferns Polystichum munitum and Blechnum spicant, and the shrub Vaccinium parvifolium (Table 2) . Ground cover of moss averaged 32-81% (Table 2 ) and mean litter depth varied from 3.3 to 7.5 cm (Table 1) .
Field sampling
Soil and litter samples were collected between 25 April and 3 May 1995. Fourteen paired soil and litter samples were removed from each of the nine plots, yielding a total of 126 paired samples. Samples were collected adjacent to 14 centrally located, permanent grid points in each plot, from within a total sample area of 280 m 2 (the full grid system at each plot contained 8 × 12 points spaced 20 m apart). At each of these 14 points, three paired subsamples of litter and soil were collected from random locations 1 m apart. Woody material (twigs, cones, branches) and moss on the ground surface were discarded, and the litter layer (O horizon) circumscribed by a bulb planter (surface area of 27.3 cm 2 ) was collected and bagged. Mineral soil to a depth of 10 cm was extracted with the bulb planter and placed in a separate bag. The three subsamples representing each layer were then combined; each litter or soil sample thus represents a total surface area of 81.9 cm 2 . Although the volume of litter samples varied with the depth of the forest floor, the volume of soil (819 cm 3 /sample) remained relatively constant. Cores with noticeable amounts of stone or wood were rejected and replaced with more acceptable samples. Additional data were collected at each grid point and averaged to describe physical site conditions and vegetation at each plot or block (Tables 1 and 2 ).
Greenhouse methods
Soil and litter samples were processed within 1 or 2 days of collection. Each of the 126 pairs of samples was randomly assigned to a position in one of two rows along each of two, 32-m long, plastic-lined greenhouse benches. Standard germination flats were lined with plastic trays to create paired sections (26 cm per side) into which a 2-cm deep layer of pumice was placed; paired litter and soil samples were then assigned to the two halves of each flat in alternating fashion along each greenhouse bench. Litter samples were mixed with standard potting soil to yield the same volume as the mineral soil samples. Both sets of samples were then spread in a ca. 2-cm layer over the pumice.
Several strategies were used to control for contaminants. First, because several fern and Equisetum species can be common greenhouse weeds, we considered only Angiosperm taxa in this study. Second, to reduce aerial deposition of wind-dispersed seeds, greenhouse benches were covered with white Remay cloth supported by a PVC frame. Finally, to account for possible contaminants in the potting soil or pumice, seven additional flats containing only potting soil on pumice were spaced evenly among the field samples on each bench, providing a total of 28 control samples for the study.
Samples were watered from below by regularly flooding the plastic-lined benches. Natural lighting was supplemented with 1000-W metal halide lamps to provide a 16-h photoperiod. Greenhouse temperatures ranged from a minimum of 13°C (May) to a maximum of 35°C (July).
Data on germinants were collected twice weekly between midMay 1995 and early March 1996. Each germinant was marked with a colored toothpick, recorded by date of appearance, and assigned a code representing a distinguishable morphological form. Germinants were removed from the flats as they were identified to species. Seedling mortality was also recorded and included in the final tallies. Germinants representing unidentified, morphological types (primarily graminoids) were transplanted to stimulate flowering to aid in identification. The experiment was concluded in early March 1996 allowing ca. 9 months for germination. Nomenclature follows Hitchcock and Cronquist (1973) .
Data manipulation and analysis
To characterize the distribution and abundance of germinant species, we calculated the frequency of occurrence (percentage of sample points) and mean germinant density (number of germinants per 81.9-cm 2 sample) for each taxon within each block. To compare the abundance and diversity of species with different habitat preferences, biogeographic origins, and physiognomic characteristics, all taxa were classified in three ways: (i) as forest understory species (those typical of mature forests of the region) or open site species (those common to disturbed sites or agricultural fields but rare in mature forests of the region); (ii) as native or exotic species; and (iii) by life form (grass, sedge or rush, forb, shrub, or tree). Germinant frequency of occurrence, density, and species richness were then calculated for each group. To compare the contributions of the more recent, transient pool of seeds with the older, more persistent store, species frequency, density, and richness were estimated separately for litter and soil samples. Richness was estimated at three spatial scales: sample, plot (representing 14 samples), and block (representing 42 samples).
To test for differences in the density or richness of germinants between litter and soil layers or between pairs of plant groups, paired t tests (Sokal and Rohlf 1981) Table 1 . Physical site characteristics, forest stand characteristics, and management histories of the study plots within each block.
of species per block (n = 3 for all tests). SYSTAT® 6.0 (SPSS Inc. 1996) was used for t tests. Detrended correspondence analysis (DCA ; Hill 1979; Gauch 1980 ) was used to explore the compositional variation in germinant pools within and among forest blocks. We ordinated 18 samples representing the average species composition (mean germinant densities) of soil or litter samples in each of the nine study plots. Default settings of the program DECORANA (Hill 1979) were implemented. In addition to this ordination analysis, we calculated matrices of within-and between-block compositional similarity (i.e., similarity of plots within and between blocks, respectively) using Sørensen's community coefficient (Sørensen 1948 
cited in
Mueller-Dombois and Ellenberg 1974). Sørensen's index is a ratio of the number of species found in common to the average number of species in two samples and is expressed as follows:
where c is the number of species common to samples i and j and a and b are the total numbers of species found in samples i and j, respectively. Note: Frequency (Freq.) is the percentage of subplots within a block in which a species was observed (n = 42). Plant cover (Cov.) was estimated within circular subplots of 2-m radius at each seed bank sample point. Six cover classes were used (0-1, 2-5, 6-25, 26-50, 51-75, and 76-100%) and mean cover values were calculated from the midpoints of these classes. Tr, trace (<0.5). 
Results
Floristics
A total of 2602 germinants representing 19 families, 34 genera, and 46 species emerged from the 126 paired soil and litter samples (Table 3) . Families with the greatest number of species included the Compositae (10), Cyperaceae (5), Juncaceae (5), Rosaceae (5), and Gramineae (4). The most diverse genera were Carex (5 species), Rubus (4), and Juncus (3). Of the total pool of germinants, 126 (4.8%) could not be identified to species, although most of these were distinguishable at higher taxonomic levels (Table 3) .
Composition and density of contaminants
Relatively few contaminants emerged from the control flats: a total of 11 germinants were found in 9 of the 28 controls (0.32/sample). Field samples, however, contained an average of 10.32 germinants/sample. Of the five species that emerged in the controls, three were common in field samples (Arabidopsis thaliana, Epilobium watsonii, and Juncus effusus) and two were rare (Lactuca serriola and Spiraea sp.) (Table 3) . Given these very low densities of contaminants, field sample densities were not adjusted prior to analysis. Although the few germinants of Lactuca serriola and Spiraea in our field samples may be contaminants, they are fairly common plants near our study sites and were thus retained in subsequent analyses.
Frequency, density, and diversity of germinants
Nearly all of the field samples produced germinants. Seedlings emerged from 122 of 126 sample points (99% of pooled litter and soil samples) and from equal proportions (87 and 88%) of the individual litter and soil samples. Within individual blocks, germinants emerged from 74 to 95% of litter samples and from 86 to 90% of soil samples (Table 3) . Within plots, the frequency of occurrence of germinants was more variable for litter (range of 57-100%) than for soil samples (range of 79-100%).
The density of germinants varied greatly at all spatial scales. Individual pooled samples (representing 81.9 cm 2 of litter and soil) contained from as few as 0 to as many as 583 germinants (0-71,184 per m 2 ). Plots averaged 5.0-57.4 germinants/sample (610-7009/m 2 ) and blocks averaged 13.5-25.0/sample (1648-3052/m 2 ). More than three times as many germinants emerged from soil as from litter samples, but this difference was not statistically significant ( Note: Where differences are statistically significant, letters indicate the layer or species group with the greater density or richness. P values are not adjusted for multiple comparisons. *, P ≤ 0.05; **, P ≤ 0.01. Each of the three blocks contained similar numbers of germinant species at most spatial scales examined (Fig. 1) . Individual pooled samples contained 21-25% of the species within a plot, plots contained 58-74% of the species within a block, and blocks contained 59-67% of the total pool of 46 species. Litter and soil samples yielded speciesaccumulation curves of similar shape and magnitude (not shown); similar numbers of species were found in litter and soil samples at most spatial scales (Table 4) .
Table 4. Results of paired t tests (n = 3) comparing the density and richness of germinants representing litter (L) versus soil (S) samples, open site (O) versus forest (F) species, and native (N) versus exotic (E) species (see also
Forest understory versus open site species
Open site species were much more abundant in the seed bank than were forest species. Among pooled litter and soil samples, both the mean density and species richness per block of open site taxa were significantly greater than those of forest understory species (Figs. 2B, 2D ; Table 4 ). Species richness per sample showed a similar, but nonsignificant trend ( Fig. 2C; Table 4 ). Forest understory taxa had greater density and richness in the soil than in the litter samples ( Fig. 2; Table 4 ), whereas open site taxa showed more even distributions between soil and litter ( Figs. 2B-2D ; Table 4 ).
Native versus exotic species
Both native and exotic species were well represented in the seed bank. Germinant densities for both groups were highly variable among blocks (Fig. 3B) , but the richness of native species was generally greater than that of exotics ( Figs. 3C, 3D ; Table 4 ). Native taxa tended to be more diverse in soil than in litter samples, and exotics more diverse in litter than in soil samples, although these patterns varied with spatial scale (Figs. 3C, 3D ; Table 4 ).
Life-form spectra
The relative density of germinants representing each life form varied markedly among blocks (Fig. 4B) . In particular, Bait was dominated by rushes (e.g., Juncus effusus) and Clavicle by forbs (e.g., Digitalis purpurea). In contrast, the relative richness of species within each life form was comparable among blocks (Figs. 4C, 4D ). Species richness within life forms ranked as follows: forbs > sedges and rushes > shrubs > grasses > trees. Within individual samples, forbs tended to be more diverse in litter than in soil, but shrubs, sedges and rushes were more diverse in soil. At the block level, however, life-form richness in litter and soil were comparable (Figs. 4C, 4D ).
Species composition: differences among layers and geographic locations
Detrended correspondence analysis of germinant density revealed strong compositional gradients associated with sample layer (litter versus soil) and geographic location (blocks). Litter and soil samples were distinct in composition (Fig. 5A) . Litter was dominated by wind-dispersed, early seral forbs (e.g., Epilobium watsonii, Senecio sylvaticus, and Erechtites minima) and other short-lived annuals and biennials characteristic of disturbed sites (e.g., Arabidopsis thaliana) ( Fig. 5B; Table 3 ). Soil samples supported species with a broader diversity of dispersal strategies and life forms; they were also distinct from litter samples in containing most of the forest shrubs (e.g., Gaultheria shallon, Rubus spectabilis, and Sambucus racemosa) ( Fig. 5B ; Table 3). DCA results, which reflect both species presence and relative density, suggest greater similarity in species composition among litter samples than among soil samples (Fig. 5A) . However, Sørensen's community coefficient, which reflects species co-occurrence alone, suggests that soil samples were floristically more similar than were litter samples (Table 5) .
Similarity of species composition within blocks was greater than that between blocks ( Fig. 5A ; Table 5 ). Plots from the southernmost Bait block were homogenous and distinctive in composition compared with plots at Fresca and Clavicle ( Fig. 5A ; Table 5 ). Bait supported a unique assemblage of open site graminoids (Juncus effusus, Carex laeviculmis, and Agrostis scabra) and forest shrubs (Menziesia ferruginea and Gaultheria shallon) ( Fig. 5B ; Table 3 ). In contrast, there was significant overlap in species composition among plots at Fresca and Clavicle (Fig. 5A) . In total, 13 species were common to all blocks, 14 were common to two blocks, and 19 were unique to a single block (7 in Bait, 8 in Fresca, and 4 in Clavicle; Table 3 ).
Discussion
Density and diversity of buried viable seeds
The seedling emergence method is the most feasible and commonly used technique for quantifying the potential of the seed bank to contribute to the aboveground vegetation; however, it is well recognized that it may underestimate the true density and diversity of buried viable seeds (Brown 1992) . Although individual species may require particular environmental conditions or treatments (e.g., fire) to break dormancy, these requirements are likely to be diverse and in many instances unknown. As a consequence, experimental manipulations of the germination regime are problematic in community-level studies of seed banks (but see Ingersoll and Wilson 1989; McGee and Feller 1993) . Despite these limitations, our emergence results illustrate that young, closedcanopy forests on the Olympic Peninsula support a welldeveloped and diverse community of buried seeds. Germinant densities (610-7009/m 2 among plots) were generally greater than those reported for older forests in the Pacific Northwest region (e.g., 109-1061/m 2 ; Kellman 1970 Kellman , 1974 Ingersoll and Wilson 1989; Harmon and Franklin 1995; Parendes 1997 ; the latter two studies sampled to a depth of 5 cm, compared with all others and the current study that sampled to a depth of 10 cm). Densities were comparable to those observed in slightly younger (30-to 40-year-old) coniferous forests adjacent to transmission line rights-of-way in southwestern British Columbia (1631-3462/m 2 , but these correspond to the first three letters of the genus and species name (see Table 3 for full binomials). included ferns; McGee and Feller 1993) . Quantitative comparisons of seed-bank richness are more difficult to make because such estimates are sensitive to the number, spatial distribution, and area encompassed by samples (e.g., Magurran 1988) . Qualitatively, however, our results suggest that the richness of the seed bank in these forests is equivalent to, or greater than, that found in mature and old-growth forests of the Pacific Northwest region (cf. Kellman 1970 Kellman , 1974 Ingersoll and Wilson 1989; Harmon and Franklin 1995; Parendes 1997) . It is likely that the maximal viable seed density and diversity occur early in succession (e.g., Kellman 1974 ) long before the forest canopy closes, at a time when understory plant cover and species diversity are also greatest (e.g., Halpern and Franklin 1990; Halpern and Spies 1995) and flowering and fruit production are abundant. Gradual declines in seed density and diversity during succession probably reflect the combination of reduced seed production within and inputs to closed-canopy forests, as well as persistent loss of viable seeds to decay, predation, and germination (Leck et al. 1989) .
We found high spatial variability in germinant density both for individual species and for the community as a whole (0-71,184 seeds/m 2 among all samples), which is apparently common (Major and Pyott 1966; Bigwood and Inouye 1988; Leck et al. 1989 ) and may reflect the patchy distributions of parent plants, local patterns of seed dispersal, and (or) variation in disturbance intensity, microtopography, or environment. Despite this high variability in density, however, 99% of our sample points yielded one or more germinants. Thus, buried viable seeds appear to be ubiquitous in these young forests, in stark contrast with the depauperate character of the aboveground vegetation (Table 2) .
Habitat affinities, species' origins, and life-form spectra
The seed-bank communities in these young forests contain species with diverse habitat preferences, biogeographic origins, and life forms. Despite this diversity, ruderal species were consistently dominant, and species characteristic of the primary forest were relatively uncommon. Of a total of 46 taxa, only 11 were classified as forest species and these comprised fewer than 10% of all germinants. Two of the more abundant forest shrubs, Sambucus racemosa and Rubus spectabilis, could easily have been classified as open-site species: both are more commonly found during the early stages of forest succession or beneath fairly open forest canopies (Franklin and Dyrness 1973; Tappeiner et al. 1991) . Of the remaining forest taxa, four (Oxalis oregana, Tolmiea menziesii, Rubus ursinus, and Vaccinium parvifolium) had very low frequencies and densities. Only two species that are common in mature forests, Gaultheria shallon and Luzula parviflora, were also common in the seed bank. Previous studies indicate that Gaultheria is more likely to contribute to understory reinitiation via vegetative spread than by seedling recruitment and that germination may be limited on non-organic substrates (Sabhasri 1961; McGee and Feller 1993; Huffman et al. 1994) . Notably absent from the germinant pool were a large number of forest herbs that exhibit peak development in old growth (e.g., various genera in the Liliaceae and Orchidaceae, as well as other families; Halpern and Spies 1995) .
As was observed in other coniferous forests, the vast majority of germinants, both in numbers and diversity of species, were ruderal herbs and graminoids (e.g., Kellman 1970 Kellman , 1974 Archibold 1989) . These included both wind-dispersed annuals (e.g., Erechtites minima and Senecio sylvaticus) and perennials (e.g., Anaphalis margaritacea and Epilobium watsonii), as well as open site species with more limited dispersal (Arabidopsis thaliana, Carex hendersonii, C. laeviculmis, Digitalis purpurea, and Juncus effusus) . The prominence of this latter group likely reflects their abundance at an earlier stage in succession, following harvest 40-60 years previously. However, the wind-dispersed forbs probably reflect more recent deposition of seeds from off-site sources, as densities are much higher in litter than in soil samples (see below; Kellman 1974) .
Nearly 30% of all species and 50% of all germinants were exotic forbs. Some of the more common species, such as Digitalis purpurea, Erechtites minima, and Senecio sylvaticus, establish dense but relatively short-lived populations following clear-cut logging (e.g., Halpern 1988 Halpern , 1989 Schoonmaker and McKee 1988; DeFerrari and Naiman 1994; Stein 1995; Halpern et al. 1997) . Others (e.g., Agrostis alba, Arabidopsis thaliana, Hypericum perforatum, Lactuca muralis, and Rumex acetosella) are ubiquitous weeds of agricultural fields, disturbed sites, and roadsides (Hitchcock and Cronquist 1973; Parendes 1997) . As a group, exotics currently play a relatively minor or transient role in the early, post-harvest dynamics of these forests (DeFerrari and Naiman 1994; Halpern and Spies 1995; Stein 1995; Halpern et al. 1997) . Nevertheless, there is growing concern about the introduction and spread of non-native species in the region and on the Olympic Peninsula in particular (DeFerrari and Naiman 1994; Buckingham et al. 1995) . Widespread, silvicultural thinning of young, closed-canopy forests is likely to provide a second "temporal window" for the establishment of these species, stimulating germination from a seed bank produced earlier in succession. Of the full suite of exotics found in our study, only Lactuca muralis appears sufficiently tolerant of shade to invade or persist in mature forest stands (DeFerrari 1993; C. B. Halpern, personal observation); it was the only exotic present in the aboveground vegetation at our sites (Table 2) .
Although forbs and (or) graminoids consistently dominated the seed bank in number, nearly all life forms were present at all sites. The relative diversity of species within each group was remarkably similar among blocks (Figs. 4C,  4D ) despite distinct differences in floristic composition (see below). Tree species, however, were conspicuously absent. The lack of conifers (i.e., Tsuga, Picea, and Pseudotsuga) was not surprising, and is consistent with observations in other coniferous forests (e.g., Oosting and Humphreys 1940; Livingstone and Allessio 1968; Strickler and Edgerton 1976; Ingersoll and Wilson 1989; McGee and Feller 1993) . Conifers typically exhibit high annual variation in seed production and only short-term viability (e.g., Archibold 1989) . However, the paucity of Alnus rubra in our samples was unexpected: it is common in this heavily managed landscape and it has the potential to dominate the seed bank in older coastal forests of the region (e.g., Kellman 1970) .
Litter and soil seed banks
Comparisons of the seed bank community in litter and soil samples offer insights into the local seed rain and the history of vegetation change in these forests. The litter layer, which presumably supports the more recent and transient seed bank (Thompson and Grime 1979) , was dominated by winddispersed, ruderal forbs, most of which were poorly represented in the soil layer. These included taxa with plumed achenes (e.g., Senecio sylvaticus and Erechtites minima) and comose seeds (e.g., Epilobium watsonii). Direct seed trap measurements have confirmed that these species are a common and often dominant component of the seed rain in this region (e.g., Kellman 1974; Harmon and Franklin 1995) .
In contrast, soil samples yielded ruderal forbs and graminoids with comparatively limited dispersal ability (e.g., Arabidopsis thaliana, Carex spp., Digitalis purpurea, and Luzula campestris; but note the abundance of the winddispersed forb Anaphalis margaritacea). Soil samples also supported the limited pool of forest understory species (primarily fleshy-fruited forest shrubs such as Gaultheria shallon, Rubus spectabilis, and Sambucus racemosa). Seeds of both groups were likely to have been deposited at a time when these species were more abundant and (or) reproductive, i.e., following the harvests that initiated the current stands. Although seed longevity is unknown for the vast majority of these species, our results suggest that seeds of many ruderal and some forest species may remain viable for at least 40-60 years.
Compositional patterns among and within sites
Although one would predict greater similarity in seedbank composition within than among spatially disjunct blocks of forest, our DCA results suggest that factors other than geographic location may exert important controls on the seed bank. Thus, whereas sample plots at Bait were floristically distinct and relatively homogenous (Fig. 5) , those at Fresca and Clavicle showed considerable overlap in composition; in some instances, litter and soil samples were more similar between blocks than within them. It may be that local variation in environment, stand history, or spatial context (i.e., the composition of adjacent clearcuts or forests) are as important as larger scale gradients in species' distributions. Clearly, more extensive sampling is necessary to tease apart the influence of location, site history, and other factors.
Implications for forest management
Increasingly, attention is being devoted to the potential role of the soil seed bank in the re-creation or restoration of native plant communities (e.g., Van der Valk and Pederson 1989; Hutchings and Booth 1996; Davies and Waite 1998) . Where native vegetation and disturbance regimes have been severely modified by human activity, however, possibilities for restoring native communities through the seed bank are greatly diminished. The desired species are either absent or rare, and the vast majority of viable seeds are of weedy taxa.
In the Pacific Northwest, restorative silvicultural approaches, including variable intensity thinning, have been proposed to enhance the structural complexity and diversity of species in young managed forests (e.g., DeBell et al. 1997; Tappeiner et al. 1997; Carey et al. 1999) . It has been hypothesized that the soil seed bank may provide one source of propagules for recruitment of forest understory species. Our results suggest otherwise: silvicultural thinning will result in limited germination of forest species but will favor recruitment of early seral and often exotic species. Moreover, retrospective studies of understory response to thinning suggest that some of these species may be able to persist for decades following treatment (e.g., Bailey et al. 1998; Thomas et al. 1999) . Our results also suggest that depending on the nature of the ground disturbance associated with thinning operations, different ruderal communities may develop: where litter remains intact, wind-dispersed annuals and perennials may dominate; where mineral soil is exposed, forbs and graminoids with limited potential for dispersal may dom-inate (see also McGee and Feller 1993; Rydgren and Hestmark 1996) .
Given these results, it appears that post-thinning recruitment or expansion of forest understory herbs and shrubs will necessarily depend on one or more alternative mechanisms: clonal spread of surviving plants, sexual reproduction of surviving plants, or long-distance dispersal of seed. Results of a companion study in these same forests suggest, however, that only a limited number of species (Maianthemum dilatatum and Oxalis oregana, in particular) appear capable of rapid vegetative expansion once resource conditions improve and that the vast majority of species that survive canopy closure have limited potential for clonal spread (Lezberg et al. 1999) . It is possible that sexual reproduction will contribute to local increases in population size, but to date, little research has been devoted to the reproductive ecology of understory herbs in these forests (but see Jules 1998) . Dispersal from off site will be necessary for the large number of species that are currently absent from the forest understory. However, few woodland herbs are thought to possess mechanisms for long-distance transport (Bierzychudek 1982; Cain et al. 1998) . Thus, successful reestablishment will likely reflect proximity to, and size of, source populations. Dispersal limitation may be particularly problematic in lowland forests of the Olympic Peninsula, where young, secondary forests dominate the landscape (Morrison 1990 ) and potential source populations may be distant or patchily distributed. Reintroduction of these species may be possible through artificial seeding or transplanting, but these approaches would not be practical on a larger scale. Moreover, if rotation lengths are too short, or silvicultural activities are too frequent, disturbance-sensitive species with limited dispersal may be eliminated locally from the understory (Busing et al. 1995; Halpern and Spies 1995) . Given these constraints, it appears that in response to silvicultural thinning, the longer term dynamics of forest species will be determined, in large part, by initial survival and by local patterns of vegetative and sexual reproduction. 
